Background: The Nijmegen Breakage Syndrome is a chromosomal instability disorder characterized by microcephaly, growth retardation, immunodeficiency, and increased frequency of cancers. Familial studies on relatives of these patients indicated that they also appear to be at increased risk of cancer.
Background
Pathogenic mutations in BRCA1, BRCA2, TP53, ATM, CHEK2, BRIP1 and PALB2 have been associated with an increased breast cancer risk and, together, are found in less than 25% of breast cancer families showing a clear pattern of inheritance (high-risk families) [1] . It is thus clear that other susceptibility alleles remain to be identified to explain the increased risk in the remnant high-risk families. As the number and characteristics of such alleles are undetermined, a focussed candidate gene approach based on genes closely interacting with the known susceptibility genes such as BRCA1 and BRCA2, the two major susceptibility genes identified yet, constitutes a study design of choice to identify rare-moderate-penetrance susceptibility alleles.
In the cell, nibrin, encoded by the NBN gene (also known as NBS1), participates in pathways of double strand breaks (DSB)-induced DNA repair and, together with its partners MRE11A and RAD50, is required for activation of these pathways in response to DNA damages [2] . In fact, nibrin is at the crossroad of several pathways implicating genes already associated with breast cancer susceptibility and/or chromosomal instability disorders [2, 3] . Individuals homozygous for hypomorphic mutations in NBN suffer from the Nijmegen Breakage Syndrome (NBS), an autosomal recessive chromosomal instability disorder characterized by microcephaly, growth retardation, immunodeficiency and hyper-radiosensitivity [4] . Cancers, in particular haematological malignancies, are common adverse events in patients with NBS, as almost 40% of them develop a malignancy before the age of 21 years, and this correlates with a marked impairment in DSB repair observed in cells from these patients [5] .
Some studies have associated an heterozygous NBN status with numerous types of cancers, including breast cancer [6] [7] [8] [9] [10] , suggesting that being a carrier of a deleterious mutation in NBN may confer an increased risk of approximately 2 to 3-fold [6] . This was also supported by the observation that relatives of NBS patients display a higher than expected rate of cancers [4, 11] . However, other studies failed to find an association with an increased risk of cancer [12, 13] .
In support of a role of NBN in tumor formation, evidence from mouse models demonstrated that Nbn heterozygosity predisposes cells to malignancies, as they display a wide variety of tumors: liver, mammary gland, prostate, lung as well as lymphomas [14] . Indeed, cells from these mice displayed an elevated frequency of chromosomal aberrations. These observations were correlated by studies of NBN heterozygous mutation carriers demonstrating that cell lines from these individuals showed spontaneous chromosomal instability (chromatid and chromosomes breaks, and chromosomes rearrangements) [15, 16] as well as increased sensitivity to radiation-induced chromosomal aberrations [17] . Thus, it has been hypothesized that in cells of carriers of deleterious mutations in DNA repair genes such as NBN, a decrease in DNA repair capabilities resulting from a gene dosage effect (i.e. lower gene expression) may be sufficient to create a permissive environment for tumor development [18, 19] . It has also been suggested that these DNA repair genes may show differences in tissue-specific protein-dosage thresholds, below which they may fail to operate normally [20] .
Thus, based on the close relation of NBN and known breast cancer susceptibility genes in the cell DNA repair pathways, and the studies suggesting a possible involvement of NBN alterations in cancer susceptibility, we undertook the analysis of the entire coding sequence, intron/exon junctions, as well as the proximal promoter region of the NBN gene. We therefore performed a thorough re-sequencing of a series of 97 breast cancer cases selected from high-risk families from the French Canadian population, and 74 unrelated healthy controls from the same origin for sequence variations that could possibly modulate breast cancer risk.
Methods

Ascertainment of families
All 97 non-BRCA1/2 individuals from high-risk French Canadian breast and ovarian cancer families participating in this study were part of a larger interdisciplinary program termed INHERIT BRCAs [21] . All participants were at least 18 years of age and had to sign an informed consent form. Ethics committees reviewed the research project at the 7 participating institutions from which the patients were referred. The details regarding selection criteria of the breast cancer cases as well as the experimental and clinical procedures have been described previously [21, 22] .
PCR amplification and direct sequencing PCR amplification of NBN (NM_002485.4) coding sequence, as well as flanking intronic regions, was performed on breast cancer cases and controls using primer pairs as described in Table 1 . Sequencing reactions and sequence analysis were performed as described previously [22] . Alternative splice screening was also performed on cDNA on a subset of breast cancer cases using primers as described in Table 1 .
Variants characterization and haplotype estimations
Deviation from Hardy-Weinberg equilibrium (HWE) and allelic difference between both series was evaluated using a two-sided Chi Square test with 1 degree of freedom. The possible effect of a given variant on exonic splicing enhancers was assessed using the ESEfinder 3.0 program reporter assays were performed as described previously [26] , with cells harvested 24-48 h after transfection. ATBF1 expression levels were measured in these four cell lines by quantitative real-time PCR (QRT-PCR) as described previously [28] , using RNA extracted by the TriReagent method (Molecular Research Center Inc, Cincinnati, OH, USA) and specific primers (sens: 5'-TGCAACTAAACCGCCCACATATA-3'; antisens 5'-CCCCAAGTGAGATAAAGCTAAACAAA-3'). Levels of expression were normalized using the housekeeping gene HPRT1, and are indicated relative to the MCF-7 cell line (sens primer: 5'-AGTTCTGTGGCCATCTGCTTAGTAG-3'; antisens primer: 5'-AAACAACAATCCGCCCAAAGG-3').
Results
Sequence variations in the NBN gene
Direct sequencing of NBN entire coding region, adjacent intronic sequences as well as the proximal promoter region was performed on 97 affected individuals from French Canadian breast and ovarian cancer families (one individual per family). Twenty-four variants were identified (Tables 2, 3 and Figure 1 ), including a new rare synonymous change at codon 127 (c.381T/C) and a new variant located in intron 15 (c.2234+86T/G), both not reported in the literature and databases, and found exclusively among breast cancer cases. Variants identified in the case dataset were also genotyped in 74 healthy individuals from the same population. All SNPs genotyped were in HWE. Nine out of the 24 variations were located in the coding region (Table 2) , while the remaining 15 were located in untranslated regions (Table 3) . Among all variants identified, half (12) were considered as common (MAF ≥ 5%) while the remaining 12 were rare variations. Two rare non-synonymous exonic variants (c.511A/G and c.797C/T) were observed only once in the case series, of which p.Ile171Val is located in the first BRCA1 C-terminal (BRCT) domain ( Figure 1 ). Of these two variants, only c.511A/G could be genotyped in an additional family member, i.e. an unaffected male cousin, who was found non-carrier (data not shown). Two other rare variants, c.283G/A and c.643C/T, were both observed in one breast cancer case and one control. For the c.643C/T variant, a DNA sample from another available family member affected with ovarian cancer was analyzed and turned out to be wild type (data not shown). Among the variants located in untranslated regions (Table 3) , the c.2234+86T/G variant was present exclusively in two breast cancer cases. When genotype frequencies of all variants were compared between both series, only the c.-242-110delAGTA variant in the promoter showed a statistically significant association with breast cancer (OR 3.4, 95% CI: 1.1-10.5; p = 0.029).
Identification of NBN alternative splice forms
Analysis of NBN cDNA was also performed on a subset of these breast cancer cases and highlighted the presence of two distinct alternative splice events. The first splice variant involved the insertion of 50 bp of the intron between exons 2 and 3 and is expected to result in a premature stop codon [29] . The other alternative splice form identified involves the skipping of exons 12 to 14 which is expected to produce an in-frame deletion of 113 amino acids in the region of the NBN protein involved in the interaction with its partner MRE11A ( Figure 1 ). However, QRT-PCR of this specific form was performed on cDNA samples from a subset of 10 breast cancer cases from our cohort and showed a very low expression relative to the main isoform (data not shown), which is consistent with previous work [30] .
In silico analysis of the putative impact of NBN exonic and intronic sequence variants on these splice events was also performed. Analysis of the nine exonic sequence variants using ESEfinder indicated that, while five variants (c.283G/A, c.553G/C, c.643C/T, c.797C/T, and c.1197T>C) might have an impact on putative score motifs of four SR proteins, a closer examination of these results shows that these scores, while below the program thresholds, remain relatively high and thus are unlikely to affect NBN constitutive splicing (Figure 2 ). According to the Splice Site prediction program, the intronic variant c.896+36G/A might slightly increase a putative acceptor site (score from 0.66 to 0.75). However, this was not confirmed by the Splice Site Finder program, which predicted the abolition of a putative donor site with a score of 71.2. As for the c.1124+91C/A intronic variant, only the Splice Site Prediction program predicted the abolition of a weak 1 According to the nomenclature guidelines of the Human Genome Variation Society (reference sequence NM_002485.4), nucleotide number one being the A from the ATG codon. 2 Minor allele frequency 3 As expected under Hardy-Weinberg equilibrium 4 Odds ratios for comparison of heterozygotes versus common homozygotes 5 From NCBI dbSNP data. 6 No entry in NCBI dbSNP database, although reported in the literature. Figure 3A ). The effect of the c.-242-110delAGTA variant on NBN expression was therefore further assessed using a dual reporter gene system. MCF-7, LNCaP, HeLa and HEK293 cells were then transiently transfected with a construct containing the consensus NBN sequence or with the variant sequence, together with the Renilla reporter plasmid as an internal transfection control ( Figure 3B ). While no significant difference in expression was observed between both constructs in MCF-7 and HeLa cells, a slight diminution of luciferase expression was observed for the variant construct relative to the reference sequence construct in both the HEK293 and LNCaP cell lines ( Figure 3C ). Interestingly, QRT-PCR measures indicated that ATBF1 mRNA is 2.4 times more expressed in HeLa cells, and more than 4.3 times more expressed in LNCaP cells, than in MCF-7 cells (data not shown).
LD analysis across NBN genomic sequence and haplotypes determination
Pairwise LD measures of all variants using the control dataset are presented in Figure 4 . |D'| values show a high degree of LD for all SNP pairs while the more stringent r 2 measure, dependent upon allele frequency, shows a limited block of LD involving mainly SNPs located in the second half of the NBN gene. The bottom part of Figure 4 shows the r 2 HapMap CEU data in the vicinity of NBN on chromosome 8, and suggests that NBN may overlap two blocks of LD. The major part of NBN seems to be in a strong block of LD extending 5' of the gene, while its 3' extremity spans over another smaller block.
Haplotype phasing of NBN using the WHAP program with all 24 variants identified in our datasets indicated that 14 haplotypes are present with an estimated frequency greater than 0.5%. Although WHAP did not estimate a significant difference between both groups, the pvalue observed was borderline significant (p = 0.0588). The majority of these estimated haplotypes (84.5%) have a frequency greater than 2%. Two haplotypes (#4 and #7 in Table 4 ) showed a weak significant association with breast cancer, being more frequent among cases (p = 0.0205 and p = 0.0403, respectively). The same analysis, using only common variations (MAF >5%), suggested that one haplotype is more frequent among cases than controls (WH4, p = 0.0227), with another haplotype showing a non-significant trend of over-representation in cases (WH5, p = 0.0883) ( Table 5 ). Global estimation of haplotypes was further confirmed using the PHASE 2.1.1 program, with concordant results (data not shown).
In silico analysis of the effect of coding variants on putative exonic splicing enhancer (ESE) motifs by the ESEfinder program
A closer examination of these two haplotypes (WH4 and WH5) showed that the only variation present on WH4 is the c.-242-110delAGTA variant, which on its own shows a significant difference in frequency between both groups. Thus, this variant is likely to be responsible of the association observed as any further breakdown of this haplotype using a sliding window analysis shows that all combinations involving this variant display a significant association (data not shown). As for the WH5 haplotype carrying the c.1197T/C variant in exon 10, it does not show any significant difference in frequency between the both groups and, despite its strong linkage disequilibrium with the adjacent variants, it shows only a tendency towards significativity when present in combination with the major alleles at all other positions (Table 5) .
Discussion
Although the relevance of mutations in several DNA repair genes (BRCA1, BRCA2, TP53, PTEN, PALB2, BRIP1) in breast cancer susceptibility have been well established, the association of variants in other genes, potentially accounting for the remaining familial clustering, is not well defined. For example, heterozygous carriers of deleterious mutations in the NBN gene, in particular the Slavic founder mutation 657del5, has been associated with a 2-to 3-fold increased risk of cancer [6] . However the impact of other NBN variants on cancer risk is unclear. Nonetheless, studies have demonstrated an increased spontaneous chromosomal instability in cells from heterozygous carriers of NBN mutations [7, 16] . In addition, the presence of a specific pattern of gene expression involving pathways of DNA repair and damage bypass, mitotic checkpoint and apoptosis was demonstrated, suggesting that cells from these carriers may display a much less efficient DNA repair system [31] . In this regard, a recent study by Someya et al. [32] showed a correlation between persistent radiation-induced NBN foci and both chromosomal instability and sporadic breast cancer risk. To address the possible implication of NBN sequence variants on breast cancer risk, we took advantage of our resource of high-risk breast cancer families drawn from the French Canadian population. In order to increase the statistical power of our investigation, one affected individual from each family was selected for analysis [33] , each thoroughly screened for BRCA1 and BRCA2 mutations or large genomic rearrangements in these genes [21] .
The majority of the coding variants identified in our cohort of breast cancer cases are situated in the forkheadassociated (FHA) domain and the two BRCT domains, and these domains have been demonstrated to be essential to NBN binding to the histone γ-H2AX [34, 35] . One of the rare variants identified in this study, p.Ile171Val, was first described in acute lymphoblastic leukemia (ALL) patients [36] . This variant has been previously reported to be over-represented in some cancer cohorts [9, 10, 37, 38] , and has also been previously described at the homozygous state in a Japanese NBS patient affected with aplastic anemia and genomic instability [39] . Interestingly, analysis of the patient's and her father's lymphoblastoid cell lines demonstrated a higher frequency of spontaneous chromosomal aberrations compared with healthy controls (6-and 4-fold increase, respectively). These results suggest that the p.Ile171Val variation may be deleterious, also supported by the fact that this variant alters an amino acid which is conserved in species such as the chicken and the fruitfly [39] . However, the impact of the p.Ile171Val substitution remains to be clarified as a large study, including cases from Germany and the Republic of Belarus, did not find any association with breast cancer in those populations [40] .
Another rare variant, p.Arg215Trp, has been considered pathogenic in previous studies based on its highly conserved position and the change introduced. Moreover, this variant has been identified in monozygotic twins compound heterozygotes for 657del5/p.Arg215Trp and affected with a severe form of NBS [41] . Nibrin Trp215 appears to affect the correct nibrin function, and cells carrying this variant shows delayed DNA DSB rejoining [41] . Modelisation of the tandem BRCT domains suggests that the Arg215 residue is required for correct orientation of the BRCT domains and recognition of γ-H2AX [34] . In their experiment, nibrin Trp215 seems to partially interfere with nibrin Arg215 activity and may act in a co-dominant fashion. It is also interesting to note that although this variant is relatively frequent in several studies, to our knowledge no NBS cases homozygous for this variant have been reported.
Of the other rare variants present in our cohort of breast cancer cases, the p.Pro266Leu variant was observed in one breast cancer case, and the p.Asp95Asn variant was found in one breast cancer case and one control. Although these variants involve conserved residues, their putative effect on protein function remains unclear. In a previous study on non-Hodgkin lymphoma, both variants were detected only in healthy controls [42] . Regarding the p.Asp95Asn variant first identified in an ALL patient [36] , no association was found in a study of larynx cancer [38] or ALL [37] . This variant was found in one out of 613 and 121 unselected and familial prostate cancer cases, respectively, but not in controls [43] . However, p.Asp95Asn is not predicted to be highly damaging as its expression in NBS cells seems to have a similar activity to the wild type protein [42] . The only other non-synonymous change identified in our cohort is the p.Glu185Gln common variant (MAF >25%), which has been genotyped in several association studies. Although the majority of the studies analyzing this variant found no association with cancer [12, 38, [42] [43] [44] , some studies reported an association with breast cancer [8] , basal cell carcinoma in men [45] and a recent meta-analysis of this variant in bladder cancer revealed a significant association after controlling for potential bias [46] . In addition, Musak et al. [47] reported that this variant may modulate the frequency of chromatid-type aberrations among tire plant workers. However, our data do not allow us to confirm any positive association.
Among the non-coding variants, a possible association of the c.-242-110delAGTA variant with an increased risk of breast cancer could be observed (OR 3.4 95% CI: 1.1-10.5). This association was further confirmed by the estimation of the haplotype diversity in our dataset, which highlighted the presence of the haplotype bearing the c.-242-110delAGTA variant at a higher frequency among the breast cancer case subset. In silico prediction of putative transcription factor binding sites indicated that of the four transcription factor binding sites potentially affected by the deletion, some are predicted to involve proteins not expressed in the breast. MTBF acts in the muscle regulation of the myostatin gene [48] , while CDX2 is mainly expressed in the gut although its ectopic expression was also reported in cases of non-gastrointestinal carcinomas [49] . As for the transcription factor NKX3-1, it is mainly expressed in the prostate although it is also found at low levels in the mammary gland and breast tumors, and has been suggested to act as a haplo-insufficient tumor suppressor in prostate cancer [50] . The fourth transcription factor potentially affected is ATBF1 (also known as ZFHX3). ATBF1 was shown to suppress the expression of the alpha-fetoprotein [51] and the MYB oncogene [52] . ATBF1 also cooperates with p53 to activate the CDKN1A promoter and trigger cell cycle arrest [53] . ATBF1 is expressed in the mammary gland and breast tumors (NCBI's UNIGENE data), and the expression of ATBF1 mRNA was correlated with a better prognosis in 153 patients with invasive carcinomas of the breast [54] . This might suggest that deregulation of genes controlled through ATBF1 could have an important impact on breast cancer formation and progression.
Luciferase reporter gene assay using the promoter sequence proximal to the ATG codon indicated a similar level of expression of the c.-242-110delAGTA variant allele as compared to the reference sequence construct in the breast cancer cell line MCF-7 and in HeLa cells. However, a slight decrease in luciferase expression was observed in both HEK293 and LNCaP cells, which might indicate that this variant could have an impact on NBN expression in a cell type manner. The analysis of ATBF1 gene expression indicated that this transcription factor is weakly expressed, in particular in the MCF-7 cells. This is comparable to a recent study performed on a panel of 32 breast cancer cell lines, which indicated that in 75% of these cell lines, ATBF1 is expressed at 50% or less relative to the normal breast [55] . This could in turn explain the lack of effect observed for the luciferase assay in the MCF-7 cell line. On the other hand, one could hypothesize that NBN (or transcription factors affecting its expression) may be regulated following irradiation or other genotoxic stress. Additional research will however be needed to address this possibility, as well as binding experiments to confirm ATFB1 binding to this region of the promoter. However, it is also important to keep in mind that the promoter sequence cloned here, although supporting NBN expression, is unlikely to constitute the entire NBN promoter. It is indeed plausible that transcription factors acting on the proximal sequence might be influenced by other transcription factors acting further upstream. As such, despite the lack of variation in expression induction found in MCF-7 by luciferase assay, it is possible that the c.-242-110delAGTA variant could be in LD with another functional variant located elsewhere in the promoter, as a high degree of LD is present across the whole NBN gene. Unfortunately, the promoter variant could not be associated by LD with another variant in the coding region of the gene, which would have allowed to directly measure NBN allelic expression.
Conclusion
Our analysis suggests that the variant c.-242-110delAGTA identified in our cohort of breast cancer individuals and located in the promoter region of the NBN gene may be associated with an increased risk of breast cancer. However, the functional analysis by luciferase promoter assay does not support a causative effect of this variant in the breast cancer cell line MCF-7, although a reduction of luciferase expression driven by the NBN promoter can be observed in two other cell lines tested. As the NBN genomic region displays a high degree of LD, we cannot rule out the effect of other variants located upstream of the region analyzed here. Alternatively, the effect of this variant may be dependent upon induction by a genotoxic stress such as irradiation. Although NBS is a rare syndrome, carriers of deleterious alterations in this gene are more common and may display subtle manifestations in cellular pathways predisposing NBN-mutated carriers to malignancy. Further analyses will therefore be needed to ascertain the impact of rare variants and promoter variants of NBN on breast cancer susceptibility in other populations. 
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